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[1] In this paper, we estimate the inputs of nitrogen (N) and exports of dissolved inorganic
nitrogen (DIN) from the Changjiang River to the estuary for the period 1970–2003, by
using the global NEWS‐DIN model. Modeled DIN yields range from 260 kg N km−2 yr−1
in 1970 to 895 kg N km−2 yr−1 in 2003, with an increasing trend. The study demonstrated
a varied contribution of different N inputs to river DIN yields during the period
1970–2003. Chemical fertilizer and manure together contributed about half of the river
DIN yields, while atmospheric N deposition contributed an average of 21% of DIN
yields in the period 1970–2003. Biological N fixation contributed 40% of DIN yields in
1970, but substantially decreased to 13% in 2003. Point sewage N input also showed
a decreasing trend in contribution to DIN yields, with an average of 8% over the whole
period. We also discuss possible future trajectories of DIN export based on the Global
NEWS implementation of the Millennium Ecosystem Assessment scenarios. Our result
indicates that anthropogenically enhanced N inputs dominate and will continue to
dominate river DIN yields under changing human pressures in the basin. Therefore,
nitrogen pollution is and will continue to be a great challenge to China.
Citation: Yan, W., E. Mayorga, X. Li, S. P. Seitzinger, and A. F. Bouwman (2010), Increasing anthropogenic nitrogen inputs
and riverine DIN exports from the Changjiang River basin under changing human pressures, Global Biogeochem. Cycles, 24,
GB0A06, doi:10.1029/2009GB003575.
1. Introduction
[2] Human activities have great impacts on nitrogen (N)
cycles on both regional and global scales through N input,
transportation, and export. Over the past 50 years, world
population, food production, and energy consumption have
increased approximately two‐and‐a‐half, three, and fivefold,
respectively, which has resulted in a massive mobilization of
bioactive nitrogen on land as well as important changes in
the global hydrological cycles [Galloway et al., 2004;
Seitzinger et al., 2005]. Studies on large‐scale nitrogen
budgets showed that an average of about 20–25 percent of
the N added to the biosphere is exported from rivers to the
oceans or inland basins [Mulholland et al., 2008; Howarth
et al., 1996; Boyer et al., 2006].
[3] The Changjiang River basin covers 20% of the total
area of China, 24% of the nation’s arable land, 32% of
chemical nitrogen fertilizer use, and 35% of the nation’s
1992 crop production and population [Xing and Zhu, 2002;
Liu et al., 2003]. In addition, the economic productivity
within the basin amounted to almost half of China’s Gross
National Product (GNP), while total NOX emissions to the
atmosphere for the basin were about 4 × 109 kg yr−1,
accounting for about 31% of that of the nation during
1990s [Tian et al., 2001]. Therefore, the input and export
of nutrients (mainly nitrogen and phosphorous) in the
Changjiang River basin have attracted a great deal of
attention [Shen et al., 2003; Yan et al., 2003; Liu et al.,
2003; Huang et al., 2006; Duan et al., 2008]. Dissolved
inorganic nitrogen (DIN) is often the most abundant and
bioavailable form of nitrogen and therefore contributes
significantly to coastal eutrophication [Veuger et al., 2004;
Dumont et al., 2005]. Recent researches indicated that
anthropogenic sources contribute most of the inputs of DIN
of the Changjiang River [Xing and Zhu, 2002; Yan et al.,
2003; Shen et al., 2003; Huang et al., 2006]. Qualitative
analysis showed that the nitrogen export had increased
steadily over the period of 1968–1997 [Yan et al., 2003] due
to increasing human economic activities. Up to now, the
nitrogen export to the estuary has always estimated as the
product of N concentrations and mean runoff [Shen et al.,
2003; Duan et al., 2008], while concentration times runoff
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is inappropriate to qualitatively and quantitatively reflect the
impact of the human activities on river DIN export; for
example, it cannot demonstrate the contribution of different
N sources [Wang et al., 1989; Shen, 1997; Shen et al., 2003;
Xing and Zhu, 2002; Huang et al., 2006; Duan et al., 2008].
Few qualitative studies have linked the relationship between
DIN export and human activities [Yan et al., 2003]; many
uncertainties remain in the quantification of nitrogen inputs
and exports in the basin, such as point sources N and atmo-
spheric deposition N inputs. What is more, even fewer
studies have concentrated on N retention caused by such
activities as dam and reservoir construction and water reuse
in the watershed.
[4] Significant progress has been made in the develop-
ment and application of regional and global models of river
nutrients export to the sea [Smith et al., 1997; Seitzinger and
Kroeze, 1998; Caraco and Cole, 1999; Smith et al., 2003;
Green et al., 2004; Dumont et al., 2005]. To date, several
important models have been applied at the global scale to
model river DIN export in a spatially explicit manner [Smith
et al., 2003; Seitzinger and Kroeze, 1998; Green et al., 2004;
Dumont et al., 2005; Smith et al., 2005]. Smith et al. [2003]
presented an empirical multiple regression model predicting
DIN export simply as a function of runoff and population
density. They extended the model to include more small
rivers and explicitly concluded that small systems show
more intersystem variability [Smith et al., 2005]. Seitzinger
and Kroeze [1998] developed a river DIN export model at
the 1° × 1° scale that included some DIN sources and sinks.
However, this model ignored important DIN sources such as
N2 fixation and manure. Green et al. [2004] developed a
model at the 0.5° × 0.5° resolution that included a wide
range of input parameters as well as loss terms. Dumont et al.
[2005] described Global NEWS‐DIN, a global DIN export
model including a series of input parameters, based on a
whole‐basin approach. However, more accurate regional
assessments of the input data sets are necessary in order to
calibrate and test the global DIN model application in a
specific basin. This work is part of a larger effort by the
Global NEWS project to assess the impacts of possible
future human pressures on nutrient exports by rivers, as
delineated by the Millennium Ecosystem Assessment (MEA)
scenarios [Alcamo et al., 2006]; an overview and main
results from this scenario assessment are presented else-
where in this special issue [e.g., Seitzinger et al., 2010].
[5] For a better understanding of the N cycling processes
under changing human pressures, we have constructed a
more rigorous approach to a quantitative description of the
annual N inputs and exports of DIN from the Changjiang
River basin for the period of 1970–2003, based on the
Global NEWS‐DIN model. We also assess the suitability
of this model for regional analysis of historical trends.
Finally, we predict future trends to 2050, based on the MEA.
2. Methods
2.1. Study Area
[6] The Changjiang River is the largest out‐flowing river
in China and the third largest in the world, covering an area
of 1.8 × 106 km2. The basin is located between 24°27′–
35°54′N and 90°13′–122°19′E. With its mainstream of 6.4 ×
103 km long and an average annual runoff of 10 × 1011 m3,
the river annually sends large quantities of nutrients into the
estuary and coastal sea, causing severe coastal eutrophica-
tion. As the most developed region in China, the Changjiang
River basin bears the strongest impact of human activities
and thus arguably serves as the best region for assessing the
impact of those activities on N cycling in eastern Asia. The
Datong Hydrological Station (DHS, 117°11′E and 30°46′N),
free from tidal effects and the industrial area of nearby cities
[Chen and Shen, 1987], was chosen as the study site. The
section of the Changjiang River above the DHS drains 94%
of the total watershed and delivers more than 95% of the
water [Yan et al., 2003].
2.2. Data Calculation
[7] Most diffuse inputs and socioeconomic data sets were
obtained at the provincial level due to the unavailability of
the county‐based data; we aggregated the provincial data
into basin‐scale means based on the area of each province
found within the basin and basin area (at DHS). The province
composition, absolute area, and area percentage in the basin
were described as by Yan et al. [2003]. When adequate input
data were not available from regional sources, we relied on
spatially distributed inputs compiled for global applications
by the Global NEWS Millennium Ecosystem Assessment
project [e.g., Seitzinger et al., 2010].
3. Model Form and Input Data
3.1. NEWS‐DIN Model
[8] Definitions of all the parameters used in this model are
given in Table 1. NEWS‐DIN can be summarized as by
Dumont et al. [2005] and Mayorga et al. [2010]:
DINyield ¼ FEriv DINsew þ FEws  TNdiffð Þ ð1Þ
where DINyield is modeled annual DIN load per river basin
area; FEriv is a river export fraction representing the fraction
of total point and diffuse DIN inputs to the river that is
exported as DIN (ranging from 0 to 1); DINsew is DIN from
sewage point sources to rivers; FEws is a watershed export
fraction representing the fraction of total nitrogen (TN) from
diffuse sources in the watershed that leaches to rivers as
DIN; TNdiff is net total nitrogen from diffuse sources that is
mobilized from the watershed soils and sediments. Almost
all basin‐scale N input and river export terms (including
DINyield, DINsew, and TNdiff) are expressed as total N mass
load per year normalized by basin area at DHS, in units of
kg N km−2 yr−1. Exceptions will be noted below.
3.2. Point Sources (DINsew)
[9] The Global NEWS model has previously relied on an
indirect approach that is based on the work of Van Drecht et
al. [2003, 2009]. As described by Dumont et al. [2005], this
approach calculates total N input into rivers from point
sources (TNsew, kg N km
−2 yr−1) as
TNsew ¼ 1 TNfremð Þ  I  H  ENð Þ ð2Þ
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where EN is the per capita N emission as human waste, H is
population density, I is the fraction of the population that is
connected to a sewage system, and TNfrem is the fraction of
TN in sewage influent that is removed by wastewater
treatment. We applied this relationship at the basin scale. EN
is estimated using an empirical function of gross domestic
product (GDP) that is based largely on protein N con-
sumption; this relationship was updated by Van Drecht et al.
[2009] to use per‐purchasing parity GDP (GDPppp) rather
than market‐exchange‐rate GDP (GDPmer) as originally
formulated [Dumont et al., 2005; Van Drecht et al., 2003].
Data on provincial GDPmer and population (including
urban and rural) come from China Statistical Yearbooks
[Chinese National Bureau of Statistics, 1980–2003]; basin‐
aggregated GDPmer was converted to GDPppp using the
annual ratio of national GDPmer to GDPppp values for
China [World Bank, 2001]. The fraction of total population
connected to a sewage system (I) is estimated as the ratio
of urban people in the total population living in the basin
(%; we assume that sewage system connectivity is 100%
in urban areas but is completely absent in rural area of
China). In China, less than 40% of total urban wastewater
was treated by 2003; of them, about 85% was treated
by mechanical technique, and 15% by biological technique
(http://www.h2o‐china.com).
[10] Initial assessments suggested that TNsew calculated
using the indirect approach may underestimate actual N
emissions to rivers in China and the Changjiang River basin
[Huang et al., 2006; Shen et al., 2003; Van Drecht et al.,
2009]. Therefore, we also present TNsew estimates using a
direct approach that yields results more comparable to pre-
vious studies. Here, TNsew is calculated as the product of
wastewater discharge (kg yr−1) in the basin and N concen-
tration in sewage effluents, calculated separately for indus-
trial and domestic effluents. Data on industrial and domestic
wastewater discharge come from China Statistical Year-
books [Chinese National Bureau of Statistics, 1980–2003].
The mean N concentrations in the industrial and domestic
wastewater are set to 25 mg L−1 and 85 mg L−1, respec-
tively, based on previous researches (Table 2).
[11] In both approaches, DINsew is calculated by multi-
plying TNsew by an empirical estimate of the fraction of TN
that is DIN in sewage effluents [Dumont et al., 2005].
DINsew results from both approaches are compared in
section 4.1.6.
3.3. Diffuse Sources (TNdiff)
[12] The total amount of diffuse source nitrogen that is
mobilized annually (TNdiff) is estimated as
TNdiff ¼ TNfe þ TNfix þ TNma þ TNdep  TNexp ð3Þ
[13] All terms are in kg N km−2 yr−1; the definition and
data sources for each term are presented as follows.
[14] TNfe is defined as the ratio of yearly N fertilizer
application and basin area. Data of N fertilizer application
Table 2. TN Content in Wastewater Used for Calculating the
Point N Input in the Changjiang River Basin
Wastewater
Categories
N Content (mg L−1)
Reference
Value Used
in Calibration
Ranges of
Published
Estimates
Industrial
wastewater
25 ± 10 22∼58.4 Zhang [1996]
22 Jin et al. [1999]
10∼70 San Diego‐Mcglone
et al. [2000]
Domestic
wastewater
85±30 35 ∼ 89 Zhang [1996]
61 Jin et al. [1999]
40∼80 Qin and Gao [1997]
40 Guo and Li [1996]
40∼95 San Diego‐Mcglone
et al. [2000]
50 Shu et al. [1999]
Table 1. Parameters Used in DIN Modela
Model Parts Parameters Unit Parameters Explanation
Hydrology coefficient Runoff m yr‐1 Water runoff
Qrem 0–1 Fraction of water removed consumptively from the river
Ddin 0–1 Fraction of N retained by reservoirs
Lden 0–1 Fraction of N removed from streams by denitrification (not in
reservoirs)
Point sources GDP U.S. $ indiv. −1 Gross domestic product as purchasing‐power parity
PopDens indiv. km
−2 Population density
R 0–1 Fraction of N removed by sewage treatment
I % % of population connected to sewage system
TNins kg N km
−2 yr−4 Total N emitted to rivers from industrial sewage point sources,
from direct TN emission estimates
TNdom kg N km
−2 yr−1 Total N emitted to rivers from domestic sewage point sources,
from direct TN emission estimates
Diffuse sources TNfe kg N km
−2 yr−1 TN applied as fertilizer
TNma kg N km
−2 yr−1 TN excreted as animal manure
TNfix kg N km
−2 yr−1 TN fixed by natural and agricultural fixation
TNdep kg N km
−2 yr−1 TN deposited via atmospheric deposition (NOy+NHx, wet+dry),
for DHS drainage area
TNexp kg N km
−2 yr−1 TN exported from the basin as crop harvest
FEws 0–1 Fraction of N exported from landscape to the rivers as DIN
aDIN, dissolved inorganic nitrogen; DHS, Datong Hydrological Station.
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and form in the basin are available by province in the China
Agriculture Yearbooks [Chinese Ministry of Agriculture,
1980–2003]. The most commonly used N fertilizers were
urea and ammonium bicarbonate. The data of all N fertilizer
forms were converted into element N to estimate N fertilizer
input.
[15] TNma is calculated as animal manure N input divided
by DHS drainage area. Animal manure N input is the
product of yearly animal populations and N excretion rates
by animal category (Table 3). Animal categories summarized
in this article include pigs, cattle, sheep, horses, and poultry.
Data of these animal populations comes from the China
Agriculture Yearbooks [Chinese Ministry of Agriculture,
1980–2003]. The mean stock of animals by category includes
standing livestock animals at the end of the year and animals
slew during that year. To correct for the fact that slain ani-
mals no longer produce manure, we corrected the number of
slain animals with the factor c (c = 0.542), representing the
time during which slain animals were part of the living stock.
[16] N2 fixation (TNfix) refers to the sum of symbiotic N
fixation by cultivation of legume crops and nonsymbiotic N
fixation by microorganisms in both managed and natural
ecosystems. N fixation input is estimated by multiplying the
rate of fixation (kg N ha−1) for each natural ecosystem by its
area within the basin (103 ha). The legume crops are grouped
as soybeans, peanuts, and green‐manure crops (i.e., red
clovers) in the basin. Nonlegume crops include all the other
vegetation except the legume crops and rice. The differences
between the natural and manmade forest and natural and
manmade grassland are ignored in this article. The N fixation
rates are summarized as by Yan et al. [2003].
[17] Atmospheric N deposition rates (TNdep) (including
dry and wet deposition of NH3 and NOy) for the year 2000
were calculated with the global TM5 model [Dentener et al.,
2006] disaggregated to a 0.5 degree resolution. Historical
deposition rates at 5 year intervals between 1970 and 2000
were obtained by scaling the deposition fields for the year
2000 using emission scenarios for N gases for the cor-
responding years from the IMAGE model [Bouwman et al.,
2006, 2009]. Mean area‐weighted basin deposition for each
of these years was calculated over the drainage area above
DHS and interpolated to individual years; the linear trend
between 1990 and 2000 was then extended to obtain esti-
mates for 2001–2003.
[18] Export (TNexp) refers to total N in crops that is
removed from the land by harvesting. Data on the crop yield
of each province is from the China Agriculture Yearbooks
[Chinese Ministry of Agriculture, 1980–2003]. N exported
from cropland was estimated as the product of crop yield
and N content in each crop. The N contents in each crop are
summarized in Table 4. Subtraction of TNexp in equation (3)
makes it so that represents only the fraction of N from
diffuse sources that is directly available for leaching to
surface water, thereby avoiding double counting of N inputs.
For example, in equation (3), we do not count fertilizer N
that is removed by harvesting and that is subsequently
available for leaching to surface water after reapplication as
animal manure. We recognize that in equation (3), part of
the NH3 and NO emitted from N fertilizer and animal
manure is also included in the estimates for atmospheric N
deposition. This is true for that part of the emitted N species
that is redeposited within the river basin, and not for long‐
range atmospheric transport of N. Generally, NH3 emission
from fertilizers amounts to 10–20% of the N input, and that
from animal manure 20–30% [Bouwman et al., 2002a], while
NO emissions represent a small fraction only [Bouwman et
al., 2002b]. Hence, the error made in our estimate of TNdiff
is of the order of 10% for the total NH3+NO emission. If
long‐range transport is excluded, the error would be less than
10%. We correct for this error by using a calibrated water-
shed export coefficient (see equation (4) in section 3.4).
3.4. Watershed Export
[19] The watershed export fraction (FEws) represents an
aggregate of all processes leading to retention of diffuse N
inputs during transport to the surface water and corrects for
possible double counting of NH3 and NO emission from
fertilizer and animal manure that is redeposited within the
same the river basin [Dumont et al., 2005; Mayorga et al.,
2010]. It is defined empirically as
FEWS ¼ e  R ð4Þ
where R is runoff (m yr−1) and e, the watershed export
coefficient, is a calibrated parameter that defines the slope
of the assumed linear relationship between R and FEws. In
this article, e is set at 0.94, based on a global calibration
described by Mayorga et al. [2010].
3.5. River System Retention
[20] DIN retention terms in the river system include esti-
mates for denitrification, removal via consumptive water use
(primarily through withdrawals for irrigation lost perma-
nently through evapotranspiration), and loss in reservoirs.
The river export term (FEriv) is then calculated as the mul-
tiplication of the export fractions corresponding to each of
these terms. Full details are presented by Dumont et al.
[2005] and Mayorga et al. [2010].
Table 3. Excretion Rates by Animal Categorya
Types
Manure Excretion
(kg yr−1)
N Content in
Animal Manure (%)
N Excretion
(kg yr−1)
Pigs 3419 0.3114 10.6
Cattle 8703 0.4366 38
Sheep 632 0.905 5.7
Horses 5237 0.5231 27.4
Poultry 18.3 0.8948 0.16
aData are from National Agricultural Technology Promotion Center
[1999].
Table 4. N Contents in the Main Crops in the Changjiang River
Basin
Rice Wheat Corn Soybean Potato Peanut Rapeseed Cotton
N contenta
(%)
1.5 1.9 1.5 2.8 1.0 1.8 4 1.5
aRefers to the mean content of grain and stem and leaf. Yan et al. [2001].
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[21] DIN loss by denitrification during river transport is
estimated as a simple function of drainage area, according to
Dumont et al. [2005]. Applying this relationship for the
Changjiang above DHS, a constant retention fraction of 0.65
is obtained and used for all years.
[22] For DIN removal through consumptive water with-
drawals, we were unable to obtain robust, basin‐wide regional
estimates. Therefore, we used the value estimated for the
year 2000 in the Changjiang by the WBMplus hydrological
model, in support of the Global NEWS MEA scenarios
study [Fekete et al., 2010; Mayorga et al., 2010]. This con-
sumptive removal fraction of 0.221 is held constant across our
study period (1970–2003).
[23] DIN retention in reservoirs (D) within a river basin is
estimated according to Dumont et al. [2005] andMayorga et
al. [2010], as a function of characteristics for each reservoir:
mean reservoir depth (m), discharge intercepted by the dam
(km3 yr−1), and change in water residence time due to the
reservoirs (days).
Ddin ¼ 1Q 
Xn
i¼1
0:8845  DEPTi
Rti
 0:3677
 Qi ð5Þ
where DEPTi is reservoir depth, m, Rti is water residence
time (years), and i is the reservoir identification number
within a basin (i = 1, 2,…, n). Qi is the discharge intercepted
by dam I, km3 yr−1; Q is the total discharge, km3 yr−1.
[24] Reservoirs in the basin are divided into artificial and
natural reservoirs. For artificial reservoirs, we compiled
data of the variables and completion year for 92 artificial
reservoirs with individual storage capacity larger than 1 ×
106 m3 in the basin from the Yangtze River Yearbooks
[Yangtze River Commission, 1997–2003] and the Internet
(e.g., http://www.cjw.gov.cn/index/cidian/cidian01.asp?link
= 1). Then, the sum of calculated retention of each artificial
reservoir in 1 year was calibrated on the basis of the ratio of
compiled storage capacity and total storage capacity in the
basin. For natural reservoirs, we focused on Lake Dongting
(D = 0.053) and Lake Poyang (D = 0.035), the most important
natural reservoirs by the Changjiang River. The reservoir
retention in the whole basin is calculated by the sum of the
retention of the two lakes and artificial reservoirs from 1970
to 2003 (Tables 5 and A1).
3.6. Source Contributions
[25] The individual contributions of sewage input and
each diffuse source to DIN yield at DHS are estimated by
isolating the respective terms in equation (1), as described
by Dumont et al. [2005] and Mayorga et al. [2010]. The
sewage contribution is calculated as the point‐source DIN
input to streams (DINsew in equation (1)) multiplied by the
river export term, FEriv. Diffuse sources are first adjusted
for crop harvest N withdrawals from the basin (TNexp in
equation (3)), estimating an effective or net N input to the
watershed for each source that is lower than the gross N
inputs in equation (3). This scheme is based on a propor-
tional allocation of each diffuse source to removal as crop
harvest. The contribution of each diffuse source to DIN
yield is then calculated as the adjusted diffuse source mul-
tiplied by FEws and FEriv (equation (1))
3.7. Measured DIN Export From Watershed
[26] Measured DIN yield was obtained as follows:
DINobs ¼ Q  CA ð6Þ
[27] DINobs is DIN yield at DHS, kg N km
−2 yr−1; Q is
measured basin discharge at DHS, 1010 m3 yr−1; C is
measured DIN (referring to NO3
−‐N and NH4
+‐N) concen-
tration, measured at DHS, mg L−1; A is basin area, km2. N
concentration of nitrate and ammonia from the basin is
calculated on the basis of the 33 year unpublished data at
DHS from the annual hydrologic reports of China (1970–
2003) (Anhui Province Water Resource Department, Hefei,
China). Water sampling and nitrate analysis were described
as by Yan et al. [2003], while NH4
+ were analyzed by
Nessler reagent colorimetric method before 1987, and Sal-
icylic acid spectrophotometry method after 1987 [Chinese
Environmental Protection Agency, 1989]. The “Nessler”
method is suitable for the ammonia concentration ranges
from 0.02 to 2.0 mg L−1, while the “Salicylic” method is
suitable for the ammonia concentration ranges from 0.01 to
1.0 mg L−1; in China, these are the standard methods for
ammonia. By using the one‐way ANOVA to evaluate the
possible system errors caused by the shift of two analytical
methods, we found there is no significant difference for
measured DIN concentrations and fluxes between periods of
1970–1987 and 1987–2003 (a = 0.05), Therefore, the shift
in two methods should not have a negative effect on the
quality of the data.
3.8. Model Analyses
[28] We used SPSS 11.5 software to test whether the
difference between the modeled and measured values was
significant at the level of P = 0.05 or not. A significant
Table 5. Ddin Values, Reservoir Numbers, and Capacities in the
Changjiang River Basin for the Period 1970–2003a
Year Ddin
Reservoir
Number
Reservoir
Capacity
(km3) Year Ddin
Reservoir
Number
Reservoir
Capacity
(km3)
1970 0.10 33 14.6 1987 0.13 60 55.5
1971 0.10 34 14.8 1988 0.16 62 57.2
1972 0.10 37 15.7 1989 0.16 62 60.0
1973 0.10 38 15.9 1990 0.16 69 62.3
1974 0.11 40 33.3 1991 0.16 69 62.4
1974 0.11 40 33.3 1992 0.16 69 62.5
1975 0.12 43 38.8 1993 0.17 69 62.6
1976 0.12 46 40.6 1994 0.17 72 62.9
1977 0.12 47 41.1 1995 0.17 75 66.3
1978 0.12 53 46.6 1996 0.16 78 68.6
1979 0.13 54 48.0 1997 0.17 78 69.0
1980 0.13 54 48.0 1998 0.18 80 69.2
1981 0.13 54 48.0 1999 0.18 83 70.3
1982 0.13 55 48.2 2000 0.20 88 75.4
1983 0.13 58 49.7 2001 0.20 89 76.2
1984 0.13 59 49.8 2002 0.21 90 76.3
1985 0.13 59 51.0 2003 0.21 92 76.4
1986 0.13 59 52.0
aStorage capacity > 1 × 106 m3.
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difference would indicate the model results did not agree
well with the measured values. In that case, the model would
have needed modifying. If not, the global NEWS‐DIN
model could be applied in the Changjiang Basin to model
the DIN export. Model Error (ME) (%), was calculated as
ME ¼ Mod-Obsð Þ  100=Obs ð7Þ
where Mod is modeled DIN export and Obs is observed
DIN export for the basin.
3.9. Scenarios for 2050
[29] Seitzinger et al. [2010] present the results of a global
application of the MEA scenarios [Alcamo et al., 2006] to
the Global NEWS models for estimating the trajectory of
nutrient inputs into land, transfer to rivers, and export to the
coast for 2030 and 2050. They used the year 2000 as the
baseline representing contemporary conditions. Here, we
adapted these results to provide a first‐order examination of
likely changes in nitrogen inputs and DIN river exports
between 2000 and 2050. However, as many of the input and
forcing data sets used in the MEA work differ from the
regional data sets used here, MEA results are not directly
comparable to contemporary conditions for the Changjiang.
In order to provide more comparable results for discussion,
we will scale a subset of the most critical inputs between
results presented here for the year 2000 and MEA year‐2000
inputs and results [Bouwman et al., 2009; Fekete et al., 2010;
Mayorga et al., 2010; Van Drecht et al., 2009]. AlthoughMEA
results correspond to the entire Changjiang basin rather than
the DHS drainage area analyzed here, the DHS drainage area
represents more than 94% of the area of the basin. Therefore,
differences due to this factor are expected to be small.
4. Results and Discussion
4.1. Estimated N Inputs of Different Sources
[30] Compared to previous efforts [Xing and Zhu, 2002;
Yan et al., 2003; Shen et al., 2003; Duan et al., 2007, 2008],
this is the first attempt to model the DIN export in the
Changjiang basin quantitatively in relation to human activ-
ities. For manure N input, we modified it by calibrating the
amounts from slain animals, making the estimate more
accurate. For atmospheric deposition N input, due to the
lack of systematic annual measurements of N content in
deposition through the study period of 1970–2003, the esti-
mation of N deposition in the previous studies is inherently
uncertain by using very limited spatial and temporal data
[Shen et al., 2003]. As described earlier, deposition N was
estimated on the basis of a global atmospheric transport
model (TM5) for 2000 and a scaling approach for other
years. The results for the 1990s (22 kg ha−1 yr−1) are con-
sistent with the estimation (23 kg ha−1 yr−1) by Lü and Tian
[2007] for that time period, who created maps of wet and
dry deposition for China by interpolating from site‐network
observations. In addition, we also calibrated the NEWS‐DIN
model by using indirect method to estimate the sewage N
input in the Changjiang basin.
4.1.1. Fertilizer N Input
[31] Fertilizer (referring to synthetic fertilizer only) N
input has increased greatly over time. Since 1989, it has
become the biggest contributor to the total N input. N fer-
tilizer application in the basin began in the early 1950s and
has risen dramatically through 2003. The total amount of
N fertilizer application was about 586 × 107 kg N in 2003,
corresponding to approximately 34 kg ha−1 N fertilizer
applied to the entire basin, while only 10 kg ha−1 was
applied in the 1970s and 19 kg ha−1 in the 1980s (Figure 1).
4.1.2. Manure N Input
[32] The amount of manure N input was about 126 ×
107 kg N (7.4 kg N ha−1) in 1970 and increased to 294 ×
107 kg N (17.3 kg N ha−1) in 1981 and 547 × 107 kg N
(32 kg N ha−1) in 2003 (Figure 1). Manure N inputs from
different types of animals varied greatly. Manure N from
pigs and cows were the first and second largest sources,
respectively, of the total values. Together, they accounted
for about 77%∼93% of the total manure N inputs in the
period 1970–2003 (Figure 2). With the growth of population
and change of food structures, people’s demand for animal
proteins increased rapidly. The amounts of cultured animals
Figure 1. Temporal trends in N inputs from diffuse sources
and N crop export in the Changjiang River basin for the
period 1970–2003 (Total diffuse N input = Fertilizer N +
Manure N + N fixation + Atmos. N Deposition – N Crop
Export).
Figure 2. Temporal trends in different kind of animal
manure N production during the period 1970–2003.
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increased equally greatly to meet the human demand. In past
efforts, manure N from animals was underestimated by
about 10–30% due to ignoring slain animals [Yan et al.,
2003].
4.1.3. N Fixation Input
[33] N fixation in managed and natural ecosystems within
the basin is the least important source of N inputs. The
amount of N fixation varied greatly during the period 1970–
2003. According to our estimates, the amount of N fixation
was about 176 × 107 kg N (10 kg N ha−1) in 1970, climbed
to a peak of 215 × 107 kg N (13 kg N ha−1) in 1978,
decreased to a valley of 164 × 107 kg N (10 kg N ha−1) in
1993, due to the dramatic decrease in the cultivation area of
green manure (i.e., red clovers), then gradually increased to
186 × 107 kg N (11 kg N ha−1) through 2003. The striking
decrease in the period 1979–1993 resulted from the adjust-
ment in agricultural planting structure, since green manure
became less important due to the rapidly increasing use of
chemical fertilizers (Figure 1). Fixation N from green
manure accounted for about 18–37% of the total fixation N
inputs. Figure 3 demonstrated the changes of the proportion
of agricultural N fixation and natural N fixation against total
N fixation. In our approach, agricultural and natural N fix-
ation is calculated with fixed N fixation rates, multiplied
with the areas of agricultural and natural ecosystems.
Agricultural N fixation vegetations include soybean, peanut,
green manure, rice, nonlegume, artificial forest (7% of the
total forest area), and manmade grass (1% of the total
grassland area). Natural N fixation vegetation referred to
natural forest and grassland. According to the Chinese sta-
tistical yearbooks, the area of natural forest and grassland
accounted for about 93% (mean value of the period 1970–
2003) and 99% (in the year 1993) of the total forest and
grassland areas, respectively. A change in the area leads to
a change in total N fixation. Hence, our results reflect
observed changes in agricultural, natural forest, and grass-
land areas, particularly, a sharp decrease for the areas of
green manure cultivation (from 4 × 107 ha in 1970–1980s,
decreasing to 2 × 107 ha in 1992) resulted in a significant
decrease of agricultural N fixation. So the proportion of
natural N fixation is increasing relative to agricultural N
fixation.
4.1.4. Atmospheric N Deposition
[34] After fertilizers and manure, atmospheric N deposi-
tion was the third largest diffuse input for most of the period
1970–2003 (Figure 1). Deposition rates increased from 8 kg
ha−1 in 1970 to 23 kg ha−1 in 1995 at a relatively constant
annual rate of increase of approximately 4%; after 1995, the
annual rate of increase slowed down to 0.5%, with deposi-
tion reaching a value of 24 kg ha−1 in 2003. As described
earlier, these results are based on a global atmospheric
transport model (TM5) for 2000 and a scaling approach for
other years. Nevertheless, the mean for the 1990s (22 kg
ha−1 yr−1) is comparable to the mean calculated for the
Changjiang basin for that period from the province averages
provided by Lü and Tian [2007], who created maps of wet
and dry deposition for China by interpolating from site‐
network observations. Still, comparisons to remotely sensed
observations of atmospheric column NO2 content strongly
suggest that TM5 results in the rapidly developing regions
of eastern China underestimate actual deposition rates
[Dentener et al., 2006]. These increases in deposition have
been driven by rapid increases in NOx emission from fossil
fuel combustion, including automobiles and coal‐based
power plants, as well as the NHy emissions from agricultural
sources [Dentener et al., 2006; Lü and Tian, 2007].
[35] Total NOX emissions to the atmosphere had increased
rapidly from about 5 × 109 kg in 1980 to 12 × 109 kg in
1996 in China, while the amount for the basin accounted for
about 31% of that of the nation total. The growth in Chi-
nese NOx emissions in recent decades mainly caused by the
rapid growth in energy consumption, particularly more than
70 percent of the total NOX came from coal combustion
[Tian et al., 2001]. High emissions produce high deposition.
Consequently, atmospheric N deposition has increased
considerably over the past 3 decades.
4.1.5. N Crop Export
[36] The N export through crop harvest was relatively low
in the period 1970–1977, with an average value of 238 ×
107 kg yr−1, due to slow economic development in the
Changjiang River basin. In 1978, China started an economic
reform which generated rapid growth both of the economy
and in crop production. In the late 1970s and 1980s, trade
was opened up to the outside world, and the Contract
Responsibilities System was gradually implemented in
agriculture. By the end of the 1980s, China had almost
solved its food shortage problems. During the same period,
more fertilizer was applied to the farmland, contributing to
crop production. Therefore, the N export increased quickly
from 283 × 107 kg yr−1 in 1978 to 401 × 107 kg yr−1 in
1989, then varied in a stable trend with an average value of
441 × 107 kg yr−1 in the next 14 years (Figure 1).
4.1.6. Sewage N Input
[37] In this study, we evaluated two methods to calculate
sewage N inputs. The direct emissions method is based on
data of industrial and domestic wastewater discharge. Some
uncertainties exist in the process of calculation with this
method. First, the data stem from the yearbooks, whose
accuracy is quite uncertain at the provincial scale. Second, N
concentration in wastewater varied greatly, and using spe-
Figure 3. Trajectory of the proportions of agricultural N
fixation versus natural N fixation in the period of 1970–
2003.
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cific values to represent the N content in wastewater could
only roughly reflect the water quality. Finally, the ratio of
provincial area and the basin area doesn’t equal the per-
centage of provincial wastewater N discharge within the
basin. Nevertheless, this approach results in a TN sewage
export to rivers of 56 × 107 kg (0.6 Tg yr−1) in 2000. This
value is nearly identical to the 1990s estimate from Shen et
al. [2003].
[38] The indirect method used in the Global NEWS model
is based on regional socioeconomic and sanitation data, as
described earlier. This approach results in TNsew of 0.3 Tg yr
−1
for 2000, less than half of that of the direct estimates. Van
Drecht et al. [2009] have pointed out that this approach
may underestimate per capita human N protein consumption
in rapidly developing countries, including China; they also
pointed out that the contribution of industrial emissions,
neglected in this scheme, may be an important one in these
countries. Uncertainties in sewage system connectivity and
water treatment removal may result in additional errors.
[39] Therefore, in this work we based all further analyses
of sewage inputs exclusively on the direct, emissions‐based
method. The estimated sewage N input to rivers varied from
34 × 107 kg in 1970 to 58 × 107 kg in 2003.
[40] Note that neither approach accounts for the direct
application of human waste as an agricultural fertilizer
(“night soil”). These inputs may have been significant in the
early 1970s, but their importance was greatly reduced by the
late 1970s [FAO, 1977].
4.1.7. Total Diffuse N Input
[41] Total diffuse N input calculated with equation (3) was
about 1314 × 107 kg in 2003, while only 301 × 107 kg N in
1970, and 706 × 107 kg N in 1981. Thus, in a period of
increasing human pressures, total diffuse N input increased
more than threefold in the Changjiang River basin from
1970 to 2003 (Figure 1).
4.2. NEWS‐DIN Model Performance
[42] Comparison of modeled versus measured DIN yields
indicates that NEWS‐DIN’s predictive capacity is quite
high, but varies from year to year. Model errors vary from
−15% to 159%. Modeled DIN yields increase from 260 kg
N km−2 yr−1 in 1970 to 895 kg N km−2 yr−1 in 2003. The
increasing trend of modeled values in the period 1970–2003
is in agreement with measured values.
[43] However, modeled DIN yields are substantially
higher than measured values in the period 1970–1982.
Using SPSS software, we found that differences between
modeled and measured values were significant at the level
of P = 0.05, with a 95% confidence interval in this time
period. This can also be seen from Figure 4. The contrast
between the model and observed results between the early
part of the record and the later part of the record might be a
systematic shift in some aspect of either the measured data
or the data entering the model at that point. By using one‐
way ANOVA to analyze the invisible cycles of the time
series of individual N input, total diffuse N inputs and
measured DIN fluxes (1970–2003), respectively, we found
there is no significant difference for measured DIN fluxes
between periods of 1970–1982 and 1983–2003 (a = 0.05,
p = 0.744), but significant difference existed for total diffuse
N inputs between periods of 1970–1982 and 1983–2003
(a = 0.05, p = 0.003). This indicates that the leaching and
runoff from agricultural soils to surface water is not con-
stant. Especially in the early period with a much less in-
tensive agricultural system, the crop uptake of N could have
been more or less in balance with the inputs. Later on, with
increasing intensification (exponentially increase of fertil-
izer and manure) the imbalance between crop uptake and
total inputs increased, and perhaps there are thresholds,
where leaching suddenly increases when a certain level of N
inputs is exceeded.
4.3. Uncertainty Analysis
4.3.1. N Retention and DIN Model Performance
[44] Human activities have doubled the rate of N cycling
in the Earth’s system. Studies in small watersheds suggest
that the capacity to store N can ultimately saturate, as N
inputs to the watersheds continues to increase beyond the
requirement of the ecosystem [Aber, 1992; Kahl et al.,
1993]. Generally, the lower the N content is, the higher
the N retention will be, and vice versa. As N saturation is
reached, N retention within the basin can be expected to
decrease rapidly due to the inability of ecosystems to utilize
further N additions. Conversely, the fraction of N lost from
landscape to rivers as DIN (FEws) should increase over time
along with the increasing input of newly nitrogen driven by
human activity, especially since the 1978 economic reforms
in China. N saturation is a widespread problem in densely
populated and more industrialized regions [Schrijver et al.,
2008]. However, FEws as used in the DIN model is calcu-
lated as a simple function of runoff only, which does not
exhibit long‐term trends (see FEws in Figure 5). To assess
the apparent underestimation of N retention on the land-
scape (1 – FEws), we calculated a fitted or adjusted FEws,
FEws‐fit, by solving the DIN model equation (equation (1))
Figure 4. Modeled versus measured dissolved inorganic
nitrogen (DIN) yield during the period 1970–2003 (kg N
km−2yr−1) (R2 is determination coefficient. Triangular marks
(1970–1982) are shown above the line 1:1, while circle
marks (1983–2002) are shown near the line 1:1. The differ-
ence is significant at the level of P = 0.05).
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for FEws, while replacing modeled with observed DIN yield
(DINyield‐OBS), for every year. This approach in effect cal-
culates the watershed or landscape export fraction needed to
exactly match observed DIN yield, all other factors varying
as described before. The adjusted FEws is therefore
FEwsfit ¼ 1TNdiff 
DINyieldOBS
FEriv
 DINsew
 
ð8Þ
[45] Comparison between FEws and FEws‐fit (fitted or
adjusted FEws) is shown in Figure 5. It shows that, while
FEws‐fit are substantially lower than FEws in the period
1970–1983, after that they agree very well. The values of
FEws‐fit increase quickly over time in the period 1970–1983,
providing evidence for the diminishing capacity of water-
sheds to retain N as inputs increase as a direct result of
human activities.
4.3.2. Denitrification
[46] Denitrification is a critical process regulating the
removal of bioavailable nitrogen from natural and human‐
altered systems [Seitzinger et al., 2006]. Within watersheds,
there are a variety of controlling factors influencing the
rates of denitrification in a river system, but water residence
time and N loading have been recognized as two important
factors at whole river system scales [Seitzinger et al., 2006].
Water residence time refers to the time water takes to travel
the length of a river or a reach. At the river system scale,
geomorphology and hydrology interact to control the resi-
dence time of water and thus the processing time of N
denitrification within the river system. Therefore, geomor-
phology and hydrology vary throughout the Changjiang
River network as the river systems are composed of com-
plex networks of reaches, ranging from small, shallow,
first‐order streams to larger, deeper river channels. Some
work has been done on the relationships between the rates
of denitrification and the function of geomorphology and
hydrology. For example, in the SPARROW model, the
fraction of N removed is described as a first‐order rate
process whereby N loss varies inversely with stream channel
depth [Smith et al., 1997]. In the Riv‐N model, the fraction
of N removed per reach varies with the depth/water travel
time [Seitzinger et al., 2002]. In the Global‐DIN model,
DIN loss by denitrification during river transport is esti-
mated as a simple function of drainage area [Dumont et al.,
2005]. However, the uncertainty lies in how the rates of
denitrification will change as geomorphology and hydrology
vary throughout the river network.
[47] For N loading, as N inputs increase, there is more
N potentially available for denitrification. In a period of
growing human pressure, N loading increased along with
the increasing inputs of N in the Changjiang River basin for
the period of 1970–2003. However, it is uncertain how rates
of denitrification will respond to the increased loading of N
in the Changjiang River system. Both these aspects will
need further field observations in the basin.
4.4. Contribution of Different N Input Sources
[48] On the basis of the adjusted DIN model, we present
estimates of the contributions of different types of N input
sources to DIN yield in the Changjiang River basin for the
period 1970–2003 (Figure 6). The relative contribution of
different N inputs varied substantially for the period 1970–
2003. Fertilizer N application accounts for 8% in 1970 and
increases continuously to 31% of DIN yield in 2003, with
an average of 25% in the period. Since 1986, N fertilizer
application has dominated N inputs in the basin. Manure N
input was the second largest contributor to DIN yield; it
accounted for about 15% of DIN yields in 1970 and
increased to about 29% in 2003 with an average of 25%
over the period. Together, they account for about half of the
total DIN yields, indicating their increasing domination in N
inputs and contributions to DIN yields in the basin since
1986. Contribution of atmospheric N deposition varied
Figure 5. Comparison between FEws and fit‐ FEws in the Changjiang River basin for the period
1970–2003.
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smoothly, from 18% in 1970 to 23% in 2003, with an
average of 21% in the whole period; this indicates that it is a
stable source of DIN yields as its actual input continues to
increase in the basin. The percentage of N fixation against
DIN yield varies substantially. N fixation input accounts for
about 40% of DIN yield in 1970, and decreases to about
13% of DIN yield in 2003, with an average of 21% over the
whole period.
[49] For all diffuse N inputs, our results indicate that
anthropogenically enhanced N input has exceeded natural N
input and will increase continuously in the future under
changing human pressures. Sewage N input is the least
important contributor to DIN yield, accounting for about
19% of DIN yield in 1970, and decreasing to 4% in 2003,
with an average of 8% over the period 1970–2003.
5. Scenarios of Changes by 2050
[50] The four MEA scenarios represent a contrasting set of
assumptions about global versus regional economic and
development collaboration and degree of proactive
approaches toward environmental issues and ecosystem
services [Alcamo et al., 2006]. These assumptions and their
implementation into Global NEWS drivers and model
results are presented elsewhere in this special issue
[Bouwman et al., 2009; Fekete et al., 2010; Mayorga et al.,
2010; Seitzinger et al., 2010; Van Drecht et al., 2009]. Here
we present only a preliminary overview of results for the
Changjiang, contrasting 2050 estimates to the MEA 2000
baseline. Because the MEA 2000 baseline differs from the
corresponding year for the regional results presented here,
we first present some self‐consistent highlights based only
on MEA results.
[51] As discussed previously, diffuse inputs are the
dominant DIN sources. MEA‐Changjiang (“MCJ”) TNdiff
inputs changed by a range of –21 to 42% from the 6681 kg
N km−2 yr−1 2000 baseline (compared to 2000 baseline of
approximately 7270 kg N km−2 yr−1 for Changjiang regional
results, “CJ”). In response, MCH DIN yields changed by –
12 to 63% from the 486 kg N km−2 yr−1 2000 baseline
(compared to CJ 2000 baseline of approximately 956 kg N
km−2 yr−1). These trends are accompanied by substantial
changes in TN sewage inputs (118 to 172%), GDPppp (167
to 982%), population density (0.3 to 14.4%), reservoir
capacity (49 to 339%), etc. These results imply that despite
increasing population and human pressures, mechanisms
can be brought to bear which result in an overall reduction
in the use of diffuse N inputs, leading to lower DIN exports
to the coast while sustaining human needs.
[52] Nevertheless, contrasts between MCJ and CJ 2000
baselines, resulting from the use of different data sets,
diminish our ability to interpret these results with respect to
the more accurate regional drivers presented in this study.
As a first approximation, we scale MCJ 2050 results by
scaling two factors that represent principal drivers of change
(TNdiff) or significant errors in MCJ (runoff), while retain-
ing all other drivers as found in the MCJ. The 2050 MCJ
TNdiff is multiplied by the ratio of MCJ 2000 TNdiff to CJ
2000 TNdiff (1.08). For runoff, MCJ 2050 results incor-
porate a modest increase (14 to 23%) due to climate change,
with respect to a 2000 MCJ baseline that significantly
underestimates actual 2000 runoff (46% lower than CJ 2000
runoff); therefore, we conservatively applied the same CJ
2000 value (0.580 m yr−1) to all 2050 scenarios. Resulting
TNdiff inputs and DIN yields are shown in Figure 7. The
2050 TNdiff ranges from 5,729 to 10,265 kg N km−2 yr−1,
while DIN yields range from 708 to 1,228 kg N km−2 yr−1,
suggesting that scenarios emphasizing global collaboration
and proactive environmental problem‐solving may result in
reductions in DIN exports to the coast.
[53] The changes emphasized here take place amid other
significant socioeconomic and water engineering transfor-
mations, including increasing urbanization and sewage
system connectivity (leading to higher sewage exports), and
increasing fragmentation of rivers through new large res-
Figure 6. Contributions of different N input sources to
river DIN yields in the Changjiang River Basin during
the period 1970–2003.
Figure 7. Change in (left axis) total diffuse N inputs
(TNdiff) and (right axis) DIN yield export between the
year 2000 and the four MEA scenarios for 2050. Scenario
codes are described by Seitzinger et al. [2010] and corre-
spond to Adapting Mosaic (denoted with letter “a”), Global
Orchestration (denoted with letter “g”), Order from Strength
(denoted with letter “o”), and Technogarden (denoted with
letter “t”).
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Table A1. Reservoir and Lake Characteristics for DIN Retention Calculationa
Reservoir CAPi (km3) Qi km3 (yr−1) Area (km2) Depth (m) Rti (days) D (0–1) Completion Year
1 0.11 1.38 763.4 618 29.09 0.00005 1954
2 0.72 2.58 0.044 198.4 101.91 0.00023 1957
3 0.34 0.69 43 294 181.18 0.00006 1959
4 0.11 0.17 1.04 123.6 229.74 0.00002 1960
5 0.25 0.40 60 94 228.93 0.00006 1960
6 0.28 9.78 4.83 58 10.46 0.00058 1960
7 0.37 2.16 44.6 94.5 62.52 0.00021 1960
8 0.01 1.30 0.01 1131 3.20 0.00002 1961
9 0.03 0.09 1.17 104 109.01 0.00001 1963
10 0.11 1.58 6.17 48.5 24.77 0.00014 1963
11 0.12 8.77 4.57 40.5 5.15 0.00046 1963
12 0.24 9.73 4.06 170 9.12 0.00037 1963
13 2.26 18.50 21.03 169.5 44.55 0.00126 1963
14 0.05 8.77 2.22 53.2 2.16 0.00030 1964
15 0.89 1.10 12.36 72 295.32 0.00021 1964
16 1.76 4.35 30.95 57 147.95 0.00069 1964
17 0.12 0.18 0.90 166 247.32 0.00002 1965
18 0.27 0.55 26.70 10.7 178.84 0.00017 1965
19 0.31 0.14 3.71 84.75 848.96 0.00004 1965
20 0.06 0.02 30.64 28.5 982.02 0.00001 1966
21 0.17 0.10 100 624.15 0.00002 1966
22 0.18 1.14 0.70 1195 58.53 0.00004 1966
23 2.04 0.65 104 123.5 1142.73 0.00016 1966
24 0.01 0.45 0.07 243.8 8.74 0.00001 1967
25 0.41 2.71 0.34 57.1 54.91 0.00030 1967
26 0.07 0.10 80 104 247.90 0.00001 1968
27 0.34 0.56 5.09 90 220.70 0.00009 1968
28 0.29 0.10 5.80 49.9 1016.38 0.00004 1969
29 0.85 0.92 13.55 62.56 337.17 0.00019 1969
30 1.22 6.12 12.20 100 72.79 0.00061 1969
31 0.02 0.01 0.18 113.9 540.86 0.00000 1970
32 0.24 4.17 3.26 130 21.01 0.00024 1970
33 0.31 0.94 37 92 119.73 0.00012 1970
34 0.21 0.37 441 122.3 204.48 0.00005 1971
35 0.02 2.53 0.61 72.5 2.67 0.00008 1972
36 0.36 0.08 0.74 484 1684.62 0.00001 1972
37 0.53 0.50 0.25 2227 383.21 0.00003 1972
38 0.19 0.12 1.74 121.5 563.32 0.00002 1973
39 0.03 1.66 0.03 884 6.69 0.00003 1974
40 17.45 36.36 133.06 157 175.17 0.00423 1974
41 0.01 1.42 0.01 1092 1.82 0.00002 1975
42 2.26 18.50 21.03 169.5 44.55 0.00126 1975
43 3.20 8.07 0.934 65 144.68 0.00121 1975
44 0.08 0.42 1.27 90 70.73 0.00004 1976
45 0.22 8.67 0.74 704 9.26 0.00020 1976
46 1.53 1.47 27.36 88 379.90 0.00028 1976
47 0.46 0.25 287.7 70 671.37 0.00006 1977
48 0.10 22.14 0.81 124.6 1.66 0.00050 1978
49 0.11 2.60 0.41 256 14.74 0.00010 1978
50 0.82 47.25 3.56 528 6.33 0.00104 1978
51 1.01 6.12 4.71 247 60.41 0.00041 1978
52 1.01 6.12 4.71 247 60.41 0.00041 1978
53 2.48 2.77 20.81 119 326.26 0.00045 1978
54 1.39 15.70 6.93 250 32.32 0.00083 1979
55 0.17 0.04 8.80 27.5 1561.65 0.00002 1982
56 0.10 22.14 1.85 55.7 1.70 0.00068 1983
57 0.11 0.11 0.24 446.25 361.96 0.00001 1983
58 1.35 15.80 2.82 760 31.19 0.00055 1983
59 0.08 0.29 0.34 355 101.56 0.00002 1984
60 5.67 4.54 28.49 285 455.85 0.00060 1987
61 0.11 14.80 3.10 71 2.59 0.00049 1988
62 1.58 452.90 23.94 66 1.27 0.01184 1988
63 0.01 1.16 0.34 64 4.45 0.00005 1990
64 0.10 1.02 0.65 146.5 33.99 0.00007 1990
65 0.19 0.56 1.68 165 125.28 0.00006 1990
66 0.21 0.39 1.73 121.5 198.02 0.00005 1990
67 0.75 1.50 65.5 347 182.13 0.00013 1990
68 1.67 19.17 7.83 330 31.79 0.00091 1990
69 2.21 29.87 22.16 100 27.06 0.00206 1990
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ervoirs built to support hydropower needs [Fekete et al.,
2010]. In the Changjiang, large water engineering projects
are currently underway, including the Three Gorges Dam
[Yang et al., 2006] and the South–North Water Diversion,
that may carry as much as 5% of the annual Yangtze dis-
charge to the drier north by 2050 [Li, 2002]. While these
projects were not explicitly included in the MEA scenarios,
they highlight the magnitude of transformations that are
occurring in the basin.
6. Conclusions
[54] The total N input of diffuse sources has increased
approximately threefold, from 3 × 109 kg N in 1970 to 13 ×
109 kg in 2003. Crop N export increases quickly from
about 3 × 109 kg in 1978 to 4 × 109 kg in 1989, then varied
in a stable trend with an average value of 4 × 109 kg yr−1 in
the next 14 years. It is an important sink of nitrogen and
removes a significant proportion of diffuse N input (33%–
72%). Using the unmodified Global NEWS‐DIN model, we
estimate that DIN yields range from 260 kg N km−2 in 1970
to 895 kg N km−2 in 2003 showing an increasing trend and
agreeing well with measured values during the period
1983–2003. However, modeled DIN yields are higher than
measured values in the period 1970–1982. The reason could
be that N retention within soils, groundwater, and riparian
areas of the basin is underestimated in our calculation for
this early period, when total N inputs were not very large.
On the basis of an adjusted model where watershed reten-
tion is modified to fit DIN yield observations, estimates of
contribution of different type of N sources are presented.
Fertilizer N application is the largest contributor to DIN
yield; it accounts for 8% in 1970 and increases continuously
to 31% in 2003, with an average of more than 25% in the
period 1970–2003. Manure N contribution to DIN yields
increased from about 15% in 1970 to 29% in 2003, with an
average of less than 25% over the period. Together, they
account for about half of the total DIN yields since 1986.
The rapid growth of fertilizer N and manure N proportion
demonstrates that human perturbation of N cycle is intense
and alarming. Contribution of atmospheric N deposition to
DIN yields varied smoothly, from 18% in 1970 to 23% in
2003, with an average of 21% in the whole period. N fix-
ation was a dominant input to the basin in the period 1970–
1977 and has decreased substantially in the period 1978 to
2003; contribution of N fixation to DIN yields decreased
from 40% in 1970 to 13% in 2003, with an average of 21%
over the whole period. The proportion of agricultural N
fixation input (55–74%) was much higher than that of nat-
ural N fixation input (26–45%). Sewage N input showed a
decreasing trend in contribution to DIN yields from 19% in
1970 to 4% in 2003, with an average of 8% over the whole
period. Though it is the smallest contributor to DIN yield,
water eutrophication in rivers and lakes caused by the direct
sewage discharge should not be neglected. How to manip-
ulate riverine N input and export by controlling human
activity will be a long and urgent task.
Appendix A
[55] Basin‐wide DIN retention is calculated on the basis
of hydrological properties of 92 artificial reservoirs and the
two largest natural lakes, as described in section 3.5. These
properties are listed in Table A1. A basin discharge (Q in
Table A1. (continued)
Reservoir CAPi (km3) Qi km3 (yr−1) Area (km2) Depth (m) Rti (days) D (0–1) Completion Year
70 0.05 45.50 0.42 474 0.43 0.00039 1994
71 0.06 0.27 0.16 409 81.82 0.00002 1994
72 0.49 10.88 0.89 970 16.44 0.00027 1994
73 0.42 3.88 0.37 1145 39.51 0.00013 1995
74 0.80 12.00 4.18 190 24.18 0.00063 1995
75 2.18 12.30 17.27 200 64.69 0.00091 1995
76 0.00 11.45 0.00 1268 0.02 0.00002 1996
77 0.28 10.50 4.34 588 9.73 0.00026 1996
78 2.02 64.30 40.00 108 11.47 0.00315 1996
79 0.15 0.09 0.75 198 576.21 0.00002 1998
80 0.45 0.25 11.72 50 661.10 0.00007 1998
81 0.12 3.90 0.46 250 10.86 0.00014 1999
82 0.28 0.57 1.28 217 179.47 0.00006 1999
83 0.74 4.16 7.38 236 64.88 0.00029 1999
84 0.03 65.90 12.71 51 0.17 0.00090 2000
85 0.26 543.68 5.38 80 0.17 0.00638 2000
86 0.59 1.10 23.5 2020 196.77 0.00005 2000
87 0.76 0.56 517 412 498.86 0.00007 2000
88 3.37 52.70 4.83 1200 23.34 0.00138 2000
89 0.80 1.04 7.10 135 282.17 0.00015 2001
90 0.15 23.72 6.97 66 2.37 0.00078 2002
91 0.01 2.84 0.00 1615 0.73 0.00002 2003
92 0.13 9.43 1.52 248 4.84 0.00025 2003
93 17.8 303.4 2740 6.5 21 0.053
94 25.9 126.5 3960 6.5 75 0.035
aQ, total discharge; Qi, discharge intercepted by dam i; CAPi, storage capacity of dam i; Area, area of dam i; Depth, water depth of dam i; Rti, water
residence time; Com. Year, completion year.
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equation (5)) of 905.10 km3 yr−1 is used. For each reservoir,
depth is calculated as capacity (volume) divided by surface
area, while change in residence time (Rt) is calculated as
capacity divided by intercepted discharge.
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